Carbon nanotubes (CNTs), reduced graphene oxide (rGO) and ammonia-functionalized 18 graphene oxide (aGO), are nanomaterials that possess varied and useful properties. However, 19
of CNTs on soil bacterial diversity have only been investigated at concentrations that greatly 48 exceed the estimated rates of release (6,250-2,500,000,000 times higher) ( have been shown to be similar to those induced by natural and industrial carbonaceous 61 4 materials such as biochar and carbon black (Ge et al., 2016) . Furthermore, at the lowest CNT 62 concentration examined to date (10 mg kg -1 soil, viz. 6,250 times higher than the estimated 63 rate of release), soil respiration, enzyme activity and bacterial community composition were 64 not significantly affected (Shrestha et al., 2013) . For derivatives of GO, such as reduced GO 65 (rGO) and ammonia-functionalized GO (aGO), we are not aware of any previous studies that 66 have examined their effects on soil microbial diversity, biomass or activity. However, in pure 67 culture experiments, rGO has been shown to exhibit bactericidal properties (Guo et al., 2017 ; 68 Gurunathan et al., 2012; Liu et al., 2011) . No information is available regarding the 69 interactions between bacteria and aGO. 70
71
In this study, we investigated the effects of CNTs, rGO and aGO on the diversity of soil 72 bacterial communities at a range of environmentally relevant low, high and very high doses (1 73 ng, 1 µg and 1 mg kg dry soil -1 ) based on models of CNT release (Sun et al., 2014) . To 74 contextualize our findings, we included graphite-amended and GO-amended soils, as well as 75 no-treatment controls (Forstner et al., 2019) . The inclusion of graphite allowed us to interpret 76 the effects of CNTs, rGO and aGO relative to a similar and naturally occurring carbonaceous 77 material, while the inclusion of GO allowed any effects of GO modification to be isolated. 78
Treatments were run in triplicate and bacterial communities were characterized after 7, 14 and 79 30 days using high-throughput 16S rRNA gene amplicon sequencing. 80 81 2. Materials and methods 82 83
Experimental design 84
A Kandosol (Australian Soil Classification; Isbell, 2002) , otherwise known as an Ultisol 85 (USDA Soil Taxonomy; Soil Survey Staff, 2014), was collected from 0-20 cm depth at a 86 pineapple (Ananas comosus) farm in Queensland, Australia (27.02 ºS, 152.92 ºE). The 87 5 physicochemical properties of this soil have been described previously (Wang et al., 2016) . 88 Briefly, the soil was a sandy loam, with a pH of 5.4 (1:5, soil:water), an electrical 89 conductivity of 1.0 dS/m (saturation extract), a cation exchange capacity of 2.6 cmolc/kg, and 90 an organic C content of 1.1 % (Wang et al., 2016) . Fresh soil was passed through a 2 mm 91 sieve and then split into sub-samples to which the treatments were applied. Multi-walled 92 carbon nanotubes (CNTs) (Sigma Aldrich, Cat: 698849-1G , Lot# MKBH5811), reduced 93 graphene oxide (rGO) (Aldrich Chemistry, Cat: 777684-250MG, Lot# MKBR1638V), and 94 ammonia functionalized graphene oxide (aGO) (Aldrich Chemistry, Cat: 791520-25ML, Lot# 95 MKBR2522V) were applied to the soil at rates of 1 ng, 1 µg, and 1 mg kg dry soil -1 using a 96 fine mist sprayer and thoroughly homogenized by mechanical mixing. All particles were 97 dispersed into deionized water at a volume that resulted in the soil being adjusted to 50% 98 water holding capacity (WHC). Three replicate 500 g samples of each treatment were placed 99 into 1 L plastic containers with lids that facilitated gas exchange. This yielded 27 containers 100 that were incubated for 30 days in the dark at 25ºC, with the humidity maintained at 80% in 101 order to keep the soils at the same WHC throughout the experimental period. 102
103
In the same experiment, we also established 1 ng, 1 µg, and 1 mg kg dry soil -1 graphite and 104 graphene oxide (GO) treatments, as well as no-treatment controls, which were sprayed with 105 an equal quantity of deionized water only and then mixed in the same way as all other 106 treatments. Data for the no-treatment controls, and GO and graphite treatments have already 107 been published (Forstner et al., 2019) , but are included in our present study to contextualize 108 our findings for the multiple doses of CNTs, rGO, and aGO. 109 Polymerase chain reaction (PCR) and sequencing 16S rRNA genes, and the subsequent 118 bioinformatic analyses were performed as described in our previous study (Forstner et al., 119 2019) . Briefly, universal bacterial 16S rRNA genes were PCR amplified using 926F and 120 1392wR primers and then sequenced on an Illumina MiSeq using 30% PhiX Control v3 121 (Illumina) and a MiSeq Reagent Kit v3 (600 cycles; Illumina). The following processing steps 122 were then applied to forwards reads using USEARCH (v10.0.240) (Edgar, 2010): 1) primers 123 were removed and the residual sequences were trimmed to 250 bp using fastx_truncate; 2) 124 high-quality sequences were identified using fastq_filter by discarding reads with greater than 125 one expected error (-fastq_maxee=1); 3) duplicate sequences were removed using 126 fastx_uniques; 4) sequences were clustered at 97% similarity into operational taxonomic units 127 (OTU) and potential chimeras were identified and removed using cluster_otus; and 5) an OTU 128 table was generated using otutab with default parameters from the pre-trimmed reads and the 129 
Statistical analyses 141
For statistical analyses, we defined Treatment as the combination of applied substance (none 142 for the control, GO, rGO, aGO, CNTs or graphite) and applied dose (1 ng, 1 µg or 1 mg kg 143 dry soil -1 ). Hence, Treatment was defined as a categorical variable with 16 classes. In order to 144 determine whether the GO, rGO, aGO, CNT and graphite treatments significantly affected the 145 alpha diversity metrics, we used a linear mixed-effects model approach (Pinheiro and Bates, 146 2004 ). Treatment (as defined above) and Day, as well as their interaction, were treated as 147 fixed effects, and soil containers (samples) were treated as a random effect to account for the 148 repeated measures. F-tests were applied to assess significance (P<0.05), and were 149 implemented in R using the lme4 (Bates et al., 2015) and lmerTest (Kuznetsova, 2017) were observed for all materials at all doses ( Table 1 ; Table S1 ). While dose effects were 184 significant, ordination revealed that increasing dose did not lead to consistent directional 185 changes in bacterial community composition ( Fig. 1) . 186 187 Relative to Graphite, all nanomaterials led to significant changes in bacterial community 188 composition at all doses, except for aGO at high dose (Table 2) . While the effects of most 189 treatments were significant at all time-points, those associated with high concentrations of GO 190 and rGO were significant in later time-points only ( Table 2) . 191 9 192 Relative to CNTs, GO and its derivatives led to significant changes in bacterial community 193 composition at all doses, and these effects were apparent in most time-points (Table 3) . 194 195 Lastly, relative to GO, the rGO and aGO treatments led to significant changes in bacterial 196 community composition at all doses (Table 4 ). These effects were apparent for both materials 197 at all doses (except high rGO) at the beginning and end of the experiment, but were variable 198 on Day 14 (Table 4) . 199
200
The 100 OTUs that were most strongly associated with differences in community composition 201 between treatments were obtained from the multivariate GLMs and assessed independently 202 using univariate GLM models. Of these, 39 were found to differ significantly from the no-203 treatment controls in at least one treatment combination after Benjamini-Hochberg correction 204 for multiple comparisons (Fig. 2) . 205 206 Six OTUs responded exclusively to graphite, an Acidobacterium (OTU 323; Acidobacteria), 207 two members of the Gemmatimonadaceae (OTU 597, OTU 683; Gemmatimonadetes), a 208
Rickettsiales (OTU 7855, Proteobacteria), Acidobacteria of subgroup 6 (OTU 3609) and a 209 member of the Chlorobiales (OTU 6742, Chlorobi) (Fig. 2) . Two OTUs responded 210 exclusively to CNTs; these were a member of the Ktedonobacterales (OTU 1968, Chloroflexi) 211 and a member of the Sphingomonas (OTU 8917, Proteobacteria). All of these OTUs 212 responded with increases in relative abundance when exposed to graphite or CNTs (Fig. 2) . A 213 further four OTUs responded to some combination of multiple nanocarbon materials but did 214 not respond to graphite addition. These included a member of the Propionibacteriaceae (OTU 215 10 decreased in relative abundance; and a member of the Gemmatimonadales (OTU 36, 218 Gemmatimonadetes), which increased in response to GO and decreased in response to aGO. 219 A further nine OTUs responded to all nanomaterials, while a further 18 responded to the 220 addition of graphite, as well as at least one nanomaterial (Fig. 2) . 221 Previously, we reported that graphite and GO influence the composition of soil microbial 225 communities at concentrations deemed realistic by models of release rates for CNTs and other 226 nanomaterials into soils (Forstner et al., 2019) . Here, we extend these findings by 227
demonstrating that relative to no-treatment controls, graphite and GO, the composition of 228 bacterial communities is also significantly influenced by the addition of CNTs, rGO and aGO. 229
Irrespective of concentration, all nanomaterials led to shifts in community composition that 230 were of similar magnitude to those associated with graphite, albeit with differences in the taxa 231 affected. Despite the significant changes to bacterial community composition the alpha 232 diversity of bacterial communities remained unaffected by all treatments (Fig. S1) . Our study illustrates that the degree of bacterial community compositional changes did not 256 increase with the application rate of nanocarbon materials but varied over time and we 257 observed fewer significant differences between treatments at high dose than at medium or low 258 dose ( Table 2 , 3, 4, Fig. 1 ). This suggests that even low rates of nanocarbon application in the 259 range of ng-mg kg -1 can induce significant compositional changes in soil bacterial 260 communities and these changes can persist for at least 30 days and that at mg kg -1 dose the 261 changes elicited by different nanocarbon materials converge somewhat. We propose that the 262 absence of a 'linear' dose response to nanocarbon addition is, at least partially, due to 263 inhibition of the free movement of particles and the availability of sharp edges as well as 264 None of the taxa were solely affected by GO and its derivatives during the experiment. A 280 further 10% of discriminating taxa responded to multiple nanocarbon materials but not to 281 graphite. 282
283
In summary, most populations responded to graphite, with many of these also responding to 284 one or more nanomaterials and 75% of exclusively responding taxa did so in response to 285 graphite addition. The only nanomaterial that elicited responses not seen in other materials 286 were the CNTs. This is most likely a result of their tubular nature, potentially resulting in 287 interactions with bacteria that are in some manner, such as by shape or structure, shielded 288 against interactions with nano-sheets. Such shielding effects have been observed for GO and 289 and 30. This resulted in aGO being the only material that elicited more responses at the end 312 than at the beginning of the experiment (Fig. 2) . Further research is required in order to 313 determine if the mobilization of ammonia bound to GO sheets is the source of this 314 discrepancy. 315 316
Conclusions 317 318
With increasing utilization of nanocarbon materials, it is becoming ever more pressing to 319 examine their ultimate environmental effects. Our study demonstrates that CNTs, rGO and 320 aGO can significantly influence bacterial community composition even at doses as low as one 321 14 ng kg -1 and that these effects significantly differ from not only a no-treatment control but also 322 from those elicited by graphite and unmodified GO sheets. This highlights not only the 323 importance of examining nano-carbon materials as a whole; but also reveals a need to 324 examine each new material and derivative of existing materials in order to determine their 325 environmental impacts on the soil microbial communities that underpin essential ecosystem 326 Table 2 Summary of multivariate GLM post-hoc results (P values) computed using mvabund 519 highlighting differences in bacterial community composition between treatments relative to 520 graphite at the same dose within time points 521 522 Table 3 Summary of multivariate GLM post-hoc results (P values) computed using mvabund 523 highlighting differences in bacterial community composition between GO and its derivatives 524 
